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Abstract Swirl-stabilized, turbulent, non-premixed ethylene-air flames at atmo-
spheric pressure with downstream radially-injected dilution air were investigated
from the perspective of soot emissions. The velocity and location of the dilution
air jets were systematically varied while the global equivalence ratio was kept con-
stant at 0.3. The employed laser diagnostics included 5 kHz Planar Laser-Induced
Fluorescence (PLIF) of OH, 10 Hz PAH-PLIF, and 10 Hz Laser-Induced Incandes-
cence (LII) imaging of soot particles. OH-PLIF images showed that the reaction
zone widens with dilution, and that regions with high OH-LIF signal shift from the
shear layer to the axis of the burner as dilution increases. Dilution is effective at
mitigating soot formation within the Central Recirculation Zone (CRZ), as evident
by the smaller PAH-containing regions and the much weaker LII signal. Dilution
is also effective at halting PAH and soot propagation downstream of the dilution
air injection point. The high momentum dilution air circulates upstream to the
root of the flame and reduces fuel penetration lengths, induces fast mixing, and
increases velocities within the Central Recirculation Zone (CRZ). Soot intermit-
tency increased with high dilution velocities and dilution jet distances up to two
bluff body diameters from the burner inlet, with detection probabilities of <5%
compared to 50% without dilution. These results reveal that soot formation and
oxidation within the RQL are dependant on the amount and location of dilution
air injected. This data can be used to validate turbulent combustion models for
soot.
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1 Introduction
When fossil fuels are burned, or when natural fires occur, soot and smoke is released
into the atmosphere as a result of incomplete combustion [1,2]. These microscopic
airborne particles are responsible for absorbing solar radiation, and thus have a
warming effect on the global climate [1,2]. However, factors other than the effect
on global climate need to be taken into account. Research has linked long-term
exposure to particulate air pollution with increased cardiopulmonary and lung
cancer mortality rates [3]. Soot particles range in size from coarse >2.5 µm to
fine <2.5 µm [4]. Fine particles extend to the nanoparticle scale (1-100 nm), are
produced during the combustion of fossil fuels, and pose a greater risk to human
health than coarse particles as they can be inhaled more deeply into the lungs
[3–7]. These smaller particles evade capture by post combustion cleaning devices
and must be reduced in the combustion process itself [7].
Soot forms as a consequence of fuel-rich flames in a series of complex physical
and chemical steps. Extensive work spanning decades has gone into understanding
the mechanisms of soot formation from radical formation to particle growth in
laminar flames [8–14]. We still do not have a comprehensive understanding of soot
formation and oxidation due to the complex nature of the chemical and physical
reactions that take place during this process [15]. These mechanisms provide the
foundation for investigating soot formation in practical combustors [8].
The many methods used in analysing soot formation can be divided into two
main groups: ex situ and in situ diagnostics. The former refers to particle sampling
for improved structural and morphologic understanding of soot particles; while
the latter focuses on particle formation kinetics [7]. Ex situ measurements can be
conducted in various ways to identify size and molecular weight distributions, and
evolution of nanoparticles from the exhaust of a sooting flame. The research done
using probe measurements has advanced the understanding of soot inception and
growth in both diffusion and premixed laminar flames, and how to differentiate
soot particles of differing maturity levels [7,16,17]. There is an extensive review
provided by D’Anna on all the ex situ techniques available today [7]. However, ex
situ diagnostics are extractive processes that perturb the flow, and the method of
extraction can alter the physical and chemical properties of the soot particles so
that they are no longer representative of combustion environments. Additionally,
probes are most widely used with laminar flames, and while they can be used
to measure size distributions in turbulent flames [18], they cannot measure the
high levels of spatial and temporal intermittency of soot formation in turbulent
flames identified in many studies [15,19–32]. These techniques can be used as an
accompaniment to in situ laser diagnostics that are currently the main diagnostic
techniques used to characterize sooting behavior in turbulent flames.
Laser-Induced Incandescence (LII) is a widely used technique for in-flame soot
detection and can be used to estimate soot volume fractions [33,34]. Shaddix and
Smyth [33] improved the accuracy of quantitative LII results through corrections
to extinction experiments that led to improved soot volume fraction estimates
[33]. The work of Vander Wal [34] focused on the importance of tracking Poly-
cyclic Aromatic Hydrocarbons (PAHs) through simultaneous planar laser-induced
flourescence (PLIF) and LII. Simultaneous PLIF-LII is necessary for understand-
ing the role of PAHs in the formation of soot and their growth [34]. The majority of
the in situ experiments conducted to date have been on laminar flames, diffusion
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and premixed. Multiple parameters such as fuel flow rate, flame geometry, and
residence times have been shown to have an effect on soot formation [28,35–45].
Current research is guided by understanding the optical properties, morphology,
growth and volume fraction of soot and their precursors under practical combus-
tion conditions. Results from fundamental laminar flames provide a foundation
for soot understanding, and can be used for the development of chemical models
because they are easier to calculate than turbulent flames. The developed optical
diagnostics must be applied to turbulent flames in complex burner geometries in
order to extend our understanding of soot formation to practically-relevant con-
figurations.
Turbulent flames exhibit spatial and temporal fluctuations not present in lami-
nar flames, as well as shorter residence times that add a level of complexity to soot
studies [15,19–32]. Qamar et al. investigated soot volume fraction in simple jets
(SJ), precessing jets (PJ), and bluff body flames (BB) [27]. This work revealed that
the higher the global mixing rate the lower the soot volume fraction and the maxi-
mum instantaneous soot volume fraction. Global mixing rates were highest for BB,
lower for SJ, and the lowest for PJ leading to PJ > SJ > BB soot concentrations
[27]. They then expanded their work to cover piloted turbulent jet non-premixed
flames showing the intermittency of soot, and that turbulence reduces peak soot
volume fractions compared to those in laminar flames [28]. Mahmoud et al. pre-
sented work on non-premixed turbulent jet flames that were operated at different
exit strain rates [29,30]. Their work revealed that soot volume fraction is inversely
proportional to exit strain rate, but that the location of maximum soot volume
fraction is independent of strain rate [29,30]. Köhler et al. investigated the in-
teraction between turbulence and soot formation on a turbulent ethylene-air jet
flame [31]. They showed that soot does not form in a spatially continuous way
in turbulent flames, and that the turbulent velocity field affects the spatial loca-
tion of soot precursors and particles [31]. Narayanaswamy and Clemens performed
simultaneous velocity and quantitative soot measurements on a turbulent jet in
coflow at varying bulk strain rates. As bulk strain rates increase, peak soot volume
fractions decrease, and soot filaments change from elongated and continuous, to
spotty and intermittent. This work also revealed that soot forms in regions of low
velocity, i.e. low local strain rate, stretches as it is transported, and aligns with
the local strain field [32]. Investigating soot-turbulence interactions revealed that
there is a specific velocity/strain rate at which soot is present, and a wider range
of velocities where soot is present in lower magnitudes. Three flames at increasing
bulk strain rates were tested and revealed a constant preferred strain rate, and
thus residence time for soot presence [32]. This work highlighted that the time
history of composition and temperature as a time scale for soot formation, and
velocity fields for the physical location of soot formation are of the utmost impor-
tance [32]. This is highly important in turbulent flames where local compositions,
temperatures, mixing, and velocities fluctuate and influence soot formation.
The Rich-Quench-Lean (RQL) concept has been used extensively in aero-
engines [46]. These practical systems utilize swirl-stabilized combustion that lead
to the formation of a central recirculation zone (CRZ) [47,48]. Swirling flows pro-
vide benefits such as flame stabilization and increased mixing, and understanding
soot formation in these systems is of the utmost importance. Extensive work using
laser diagnostics has been done on swirl stabilized, turbulent flames, premixed and
non-premixed, using mostly gaseous fuels with some more recent work looking at
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liquid fuels [15,19,22–25,49–51]. Geigle and coworkers have looked at the effect
of equivalence ratio, thermal power, pressure, and secondary air injection on soot
formation in swirl stabilized, turbulent non-premixed ethylene-air flames [22–25,
49,50].Their work focused on characterizing the flame and understanding soot for-
mation and mitigation through the use of dilution air. They used instantaneous
imaging to focus on the intermittent nature of soot and its sensitivity to gas com-
position, pressure, temperature, equivalence ratio, amount of oxidation air, and
flow field effects such as strain and dilution [24]. Simultaneous measurements re-
vealed that the distribution of soot and OH changes with the addition of dilution
air. Soot no longer propagates downstream in the central recirculation zone (CRZ)
where the OH is dispersed due to the dilution air [50]. Recently, their work has
focused on soot-turbulence interactions, revealing that soot forms in rich pockets
when residence times are favorable, while soot is oxidized by the OH present in
the lean zones [22]. While this large body of work examines the effect that dilution
air has on oxidizing soot particles there is still a lack of systematic investigations
into the effect of the dilution jet location and the flow split (i.e. the velocity of
the dilution jets), while keeping the global equivalence ratio (Φg) constant, which
is one of the objectives of the present paper. Exploring the air split between the
primary swirled air and the dilution air, while keeping the total amount of fuel and
air in the system constant, is of the utmost importance in practical gas turbine
designs where equivalence ratios in the combustion chamber are highly controlled.
The work presented in this paper aims to provide some detailed in situ soot
measurements in a model RQL combustor, focusing on the effect of dilution air
location and velocity. This is accomplished by building on previous ex situ ex-
periments, numerical investigations, and preliminary in situ experiments reported
in [52–54] performed on the same RQL burner presented here. Exhaust measure-
ments revealed that both mean particle size and mean particle number drop as
dilution air is introduced, and that both these values vary as dilution air loca-
tion and velocity is changed [52]. Numerical results highlighted the importance
of local mixing, residence times, and equivalence ratios on reducing soot mass
fractions in the RQL at different operating conditions. The goal here is to un-
derstand better how the quenching section of the RQL burner affects the flame
front and soot formation and oxidation by systematically varying the amount and
location of dilution air and investigating their effects through a series of optical
and laser diagnostics. This variation of jet location and flow split will extend the
understanding presently available on the effect of dilution on soot levels reported
in [22–25,49,50]. These results will also serve to validate numerical investigations
such as those presented in [53].
2 Experimental Setup
A description of the burner used and the main experimental techniques imple-
mented are described in the following subsections.
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2.1 Burner Setup
Experiments were conducted on an 11 kW non-premixed ethylene-air burner that
is bluff-body, swirl-stabilized, and operates at atmospheric conditions. A schematic
of the burner can be found in Fig. 1, and is identical to the one used in [52–54].
Gaseous fuel is injected along the axis of the burner through a straight circular
channel 4 mm in diameter that passes through the centre of the bluff body. Air
is fed from a plenum at room temperature and the primary air passes through a
guidevane system referred to as a swirler. The swirler consists of six vanes that ro-
tate the flow clockwise if viewed from downstream. The swirling flow exits through
an annulus bounded by the 37 mm outer diameter (Do) of the nozzle and the 25
mm centrally-located conical bluff body. Additional dilution air at room tempera-
ture can be injected through four dilution jets positioned downstream of the burner
inlet. Each jet, with a diameter of 4 mm, is located at a corner of the square burner,
and is constructed so that its axial location, and the amount of air fed through it
can be systematically varied. The burner is enclosed by four 3 mm thick quartz
plates, 150 mm in height and 97 mm × 97 mm in cross sectional area. An exhaust
hood is placed at the top of the confinement with a square opening of 35 mm ×
35 mm that allows the release of exhaust product gases to the surroundings.











































                 Side View: 
Cross section along the laser sheet
Fig. 1 Schematics of the side view of the RQL burner with dilution jets (left), 3D view
(middle) with the laser sheet passing through the centre of the RQL burner, and cross section
of the RQL burner along the laser sheets for the various diagnostics (right)
The experiments conducted for the present study build on past work done in
Ref. [54], and look at the effect of dilution air by varying both the axial location
of the dilution jets, and the amount of air passing through them. This was accom-
plished by keeping the total amount of air supplied (Qtotal,a) constant, but varying
the split between the air flowing through the primary combustion air inlet (Qc,a)
and the dilution jets (Qd,a). The amount of ethylene (Qf ) remained constant at
11.3 SLPM, and Qtotal,a remained constant at 600 SLPM for all flames studied.
Therefore, the global equivalence ratio (φg) remained constant throughout the ex-
periments. Table 1 summarizes the different operating conditions. The Base Case
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has no dilution. Six other cases were considered at two different ratios of primary
to dilution air (80:20 and 60:40), and at three locations of the dilution jets (27,
47, and 67 mm). Alicat mass flow controllers were used to control the flows with
a measurement accuracy of ±0.8% (of the set value) and a full-scale accuracy of
±0.2%.
Table 1 Tested flame parameters in the burner, with the dilution air velocity reported per
jet
Cases Uf (m/s) Uc,a (m/s) Ud,a (m/s) Re Hj (mm) Φc Φg
Base 15.0 15.8 0 28430 0 0.30 0.30
1 15.0 12.7 40 22850 27 0.37 0.30
2 15.0 9.64 76 17350 27 0.48 0.30
3 15.0 12.7 40 22850 47 0.37 0.30
4 15.0 9.64 76 17350 47 0.48 0.30
5 15.0 12.7 40 22850 67 0.37 0.30
6 15.0 9.64 76 17350 67 0.48 0.30
2.2 High-speed PIV
Cold flow velocity measurements were obtained for the Base Case, Case 3, and
Case 4 in order to investigate the change in the flow as dilution was varied. Al-
though only cold flow (i.e. no fuel flow) was studied, the results can be used for
preliminary understanding of the reacting flow. The PIV measurements were per-
formed using a Quantronix Darwin-Duo solid-state diode-pump (SSDP) Nd:YLF
dual oscillator/single head laser. After internal frequency conversion, this laser
produced radiation near 527 nm at a repetition rate of 2.5 kHz, with a pulse du-
ration of 120 ns, and a temporal separation of 12 µs between the independent
pulses. The emitted beam then passes through sheet forming optics to expand it
into a sheet and align it with the centre of the burner. The final dimensions of
the laser sheet formed are 60 mm (tall) × 0.5 mm (thick). Both the primary and
dilution air flows were seeded and the seeding particles used to scatter the light
generated by the laser pulses were Al2O3 particles 0.3 µm in diameter. The small
size of the particles used is necessary to ensure that they follow all turbulent fluc-
tuations. The laser power was 27 W, equivalent to 8 mJ/pulse after accounting for
the losses in the optics.
1000 image pairs were captured at a rate of 5 kHz using a Photron SA1.1
monochrome high speed CMOS camera operated in a frame-straddling configura-
tion at the maximum camera resolution of 1024 × 1024 pixels. A Nikon 105-mm
f/2.8 lens and a 527 ±20 nm narrow bandpass filter were fitted to the camera to
capture the seeded flow field. A final field of view (FOV) of 60 × 60 mm2 was
used for the PIV measurements that gave a projected pixel size of 0.063 mm at
the sensor area of 1024 × 1024 pixels. From the raw particle images an average
background was subtracted, then the commercial Davis 8 software was used to pro-
cess the corrected PIV data. In the PIV algorithm, a multi-pass cross-correlation
based vector evaluation algorithm was used, with the interrogation window size
decreasing from 24 x 24 to 12 x 12 pixels with a 50% overlap to determine the
displacement of the particles at many localized positions within the images. This
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resulted in a velocity interrogation region of 0.76 mm and vector spacing of 0.38
mm.
2.3 Flame Photographs and OH* Chemiluminescence
A Nikon DX AF-S camera equipped with an 18-55 mm lens with no added filter was
used to capture photographs of the flame. Both long (1/10 s) and short (1/2000 s)
exposure images were captured with apertures f/5 and f/32, respectively, to yield
sufficient levels of light. This provided approximations to an instantaneous and a
time-averaged photograph of the flame. The camera settings and ISO sensitivity
were kept constant for all the cases for comparability while ensuring no image sat-
uration occurs with the higher intensity flames (Base Case) during longer exposure
times. For each condition, OH* chemiluminescence images were captured as they
provide qualitative information into the heat release rate. The chemiluminescence
images were taken with a CMOS camera system (LaVision IRO high-speed two
stage intensifier and Photron SA1.1 monochrome high-speed CMOS camera) fitted
with a UV lens (Cerco 2178) and a 300 ±10 nm bandpass filter (Andover). This
filter was chosen as OH* radicals are known to strongly emit around the 310 nm
range, and a narrow Full width at half maximum (FWHM) of 10 nm helps in re-
ducing interferences from other radicals. The camera gate was varied between 100
– 180 µs in order to to improve the signal to noise ratio. Therefore, the captured
images provide a qualitative comparison of the distribution of the OH* signal,
however the intensity relative to one another cannot be compared because of the
varying exposure times. The RQL burner produces a flame that is mostly below
the location of the jets and at radii not too close to the walls, which makes the
flame approximately axisymmetric. Therefore, an inverse Abel transform can be
applied on the line of sight images that give a 2D projection of the OH* onto a
plane so as to get a better approximation to the location of the average reaction
zones.
2.4 High-speed OH-PLIF
High-Speed OH-PLIF experiments were performed using a 14 W pulsed JDSU
Q-series Nd:YAG laser that emits a 532 nm beam for a length of 18 ns at a 5
kHz repetition rate that is directed through mirrors into the Sirah Credo 2400
high-speed dye laser. The dye laser was operated with Rhodamine 6G (R6G) dye
to produce a beam at 566 nm, which was frequency-doubled with an internal BBO
crystal to produce a beam near 283 nm. Specifically, the output from the dye laser
was tuned to excite the Q1(6) transition in the A
2Σ+−X2Π(v′ = 1, v′′ = 0) band
of OH. The laser beam is then directed through sheet forming optics that form a
28 mm (tall) × 0.12 mm (thick) laser sheet that is aligned with the centre of the
burner. The final beam has an average power of 300 mW at 5 kHz equivalent to
50 µJ/pulse after accounting for the losses through the optics. The thickness is
estimated through a scanning knife-edge technique [55] performed using a blade
and a power meter. The laser sheet produced does not have a uniform intensity
in the vertical direction. Corrections were performed on an average basis using a
8 Ingrid El Helou1 et al.
dye cell with R6G, revealing a Gaussian distribution within the laser sheet over
the range of 0.1 - 1, which were applied on the OH-PLIF images captured.
5000 images were captured using an identical camera setup to that of the
chemiluminescence experiments, fitted with a UV lens (Cerco) and a 310 ±10
nm narrow bandpass filter (Andover). The filter with a narrow full width at half
maximum (FWHM) of 10 nm proved ideal in rejecting interferences from soot
incandescence. The laser sheet was aligned with the centre of the burner and its
height allowed for a 28 mm × 28 mm FOV with a projected pixel size of 20 µm
as can be seen in Fig. 1. Finally, the camera settings were set to a gate of 300 ns
and a gain of 60, while the camera delay was adjusted to ensure the camera gate
lines up with the laser pulse.
2.5 Low speed PAH-PLIF and LII of soot
Low-Speed PLIF and LII techniques have been widely used for the imaging of
polycyclic aromatic hydrocarbons (PAHs), and soot respectively, and the setups
used here are identical to the ones described in [54]. For both measurements of
PAH-PLIF and LII of soot, a pulsed Continuum Surelite II Nd:YAG laser at rep-
etition rates of 10 Hz and pulse duration of 9 ns was used. Excitation wavelengths
for the PLIF and LII measurements of 266 nm (the fourth harmonic), and 532
nm (the second harmonic), respectively were used. The choice of excitation wave-
length is very important in LII measurements. A wavelength of 532 nm was used
here to excite soot particles as it fulfills the critical Rayleigh absorption criterion
of πD/λ <<1 [56], where D is the diameter of the soot particles and λ is the
excitation wavelength. Note that LII is not expected to give signal from particles
outside the range of 5 - 100 nm as smaller particles behave like molecules and do
not incandesce, while larger particles do not satisfy the Rayleigh criterion. [7,56].
The same sheet forming optics were used to form the laser sheet from the emitted
laser beam for both LII and PAH experiments. The final laser sheet formed is
aligned with the centre of the burner, and has dimensions of 52 mm (tall) × 0.18
mm (thick).
An important variable that was optimized was the power of the laser to improve
the quality of the PLIF and LII images. For PAH measurements, the laser fluence
was kept low to eliminate soot incandescence and interference from LII signals [31,
33,56]. After taking into account the losses from the optics the final laser power
used was 20 mW equivalent to 19 mJ/cm2. For the LII measurements, a high
enough power was selected to ensure operation within the plateau regime, where
soot particles incandescence is independent of laser fluence. This laser fluence
has been shown in previous work to be greater than 0.5 J/cm2 [31,33,56]. After
taking into account the losses from the optics the final laser power used was 2 W
equivalent to 1.9 J/cm2. In the plateau regime the incandescence of soot particles is
independent of laser power; therefore, there is no need to correct for fluctuations
in laser power either spatially or temporally. Shot-to-shot corrections were not
needed as a well-expanded laser sheet that was relatively uniform was used such
that saturation was achieved at each vertical location within the sheet. Laser
sheet corrections using an identical technique to the OH-PLIF corrections were
performed on the PAH-PLIF images, as the laser sheet showed a variation in
intensity in the vertical direction. Corrections revealed a Gaussian distribution
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within the laser sheet over the range of 0.9 – 1 which were applied to the PAH
images.
800 instantaneous images were recorded at 10 Hz sampling rate with a LA
VISION NanoStar2 CMOS camera. The camera was equipped with a 100-mm f/2
Zeiss lens and a 430 ±25 nm Semrock BP filter. The choice of this filter mini-
mizes PAH interference during LII experiments, as they fluoresce at wavelengths
greater than the 532 nm excitation. Additionally, at this detection wavelength
only larger PAHs can be detected during PLIF experiments, as emission wave-
lengths are highly dependent on the number of aromatic rings of the PAHs. Using
a scanning knife edge technique [55], the system resolution was measured at 250
µm. The exposure time was always less than 40 ns to minimize interference from
chemiluminescence and to ensure sufficient capture of PLIF and LII signal in all
the tested cases. The detected LIF and LII signals vary for the studied cases;
therefore, the settings were chosen by testing the cases with both the highest and
lowest signals to ensure that the chosen gain and gate were adequate for the full
range of experiments. The laser sheet was aligned with the centre of the burner
and a FOV of 52 mm × 60 mm was attained at a projected pixel size of 0.095 mm
as can be seen in Fig. 1.
The delay between the laser pulse and the camera is an important parameter
to control. This delay was eliminated when imaging PAHs, as LIF signals decay
within approximately 10 ns; therefore, to capture the fluoresces within a 40 ns
gate, the gate and the arrival of the laser were overlapped. During LII imaging,
LII signals persist over approximately 100 ns, and a 60 ns delay was applied to
ensure that the PAHs have reacted and nucleated to form soot particles. This delay
is sufficient to avoid LIF generated, short lived blue shifted contributions, as they
have a lifetime of approximately 10 ns [56]. C2 sublimation off the surface of the
soot particles emit in the range of 420 - 650 nm, and are an additional source of
interference, but they have a short lifetime of 5 ns [56]; therefore, the chosen delay
is enough to minimize this interference. Soot particle cooling times vary widely as
they are dependent on the ratio of the soot surface area to volume; thus smaller
particles cool down faster and the delay used for all the cases favours the slower
cooling larger particles [56].
Similar image processing schemes were applied to both the high-speed OH-
PLIF images and the low speed LII and PAH-PLIF images. First, background fields
(i.e. those resulting from dark current in the camera, flame chemiluminescence, and
unrejected elastically scattered laser light) were subtracted. Subsequently, in the
case of the PAH-PLIF and OH-PLIF images, an average laser sheet correction was
applied. Finally, to enhance the signal to noise ratios, a median filter with a kernel
size of 3 × 3 pixel2 was applied to all image types.
3 Results
The following section details the key findings from operating the RQL with and
without dilution air. The change in time averaged velocity fields, and time averaged
OH, PAH and soot distributions are compared to identify the main differences in
the various flames.
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3.1 Cold Flow PIV
Fig. 2 Top row: Time-averaged cold flow contour plots of the radial velocity fields (Vx) for the
Base Case (left), Case 3 (middle), and Case 4 (right). The velocity vectors represent the axial
and radial velocity components. Bottom row: Time-averaged cold flow contour plots of the axial
velocity fields (Vy) for the Base Case (left), Case 3(middle), and Case 4 (right) superimposed
with the solid white line representing the Vy=0 m/s contour. The central recirculation zone,
internal shear layer, outer shear layer and outer recirculation zone are labeled as CRZ, ISL,
OSL and ORZ respectively. Axis of burner is at x = 0
Cold flow velocity data with and without dilution air for the Base Case and Cases
3 and 4 are shown in Fig. 2 for qualitative understanding of the flow structure and
the extent of the recirculation zone with the two injection strategies. The Base
Case velocity field is characteristic of a swirled non-premixed turbulent flow with
the high-velocity inlet flow defining the inner and outer shear layers (ISL and OSL
respectively), as well as both a central and outer recirculation zones (CRZ and
ORZ respectively). The CRZ extends beyond 60 mm and is present throughout
the field of view. Once dilution air is introduced at 20% in Case 3 the high velocity
inlet flow is still evident, but the CRZ narrows as it is bounded by the radially
injected dilution air. The edge of the CRZ is now within the field of view and
terminates at 60 mm. This additional dilution air increases the velocities in the
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CRZ relative to the Base Case as can be seen in the Vy contours of Fig. 2. When
dilution air is increased to 40% in Case 4, the high momentum dilution air creates
a clear stagnation point at 50 mm and splits, part of it recirculating to the root
of the flame, while the rest flows upward similarly to Case 3. However, the higher
dilution air momentum in this case creates another location of high velocity at 50
mm, comparable to the velocities of the inlet flow. The higher velocities and added
flow of air in the CRZ as well as the alteration to the size and shape of the CRZ
in Cases 3 and 4 compared to the Base Case all have an effect on the formation
and oxidation of soot particles as will be discussed in the following sections.
3.2 Flame Photographs and OH* Chemiluminescence
Flame photographs of the Base Case, and Cases 1-6 are displayed in Fig. 3 and
Fig. 4. Two changes to the flame are visibly noticeable as dilution air is introduced,
increased, and as the dilution jet locations are varied. At base conditions the flame
encompasses 80 mm (54%) of the burner length, and is yellow in color indicative of
a sooting flame. Once dilution air is injected at an 80:20 split, the flame becomes
visibly shorter at less than 50 mm (35%) of the burner length for Cases 1 and 3
at jet heights of 27 mm and 47 mm respectively. While in Case 5 at a jet height
of 67 mm, the flame is longer than in Case 3 and covers around 70 mm (47%)
of the burner length. In Cases 1, 3, and 5 the color of the flame remains yellow
and sooting. When the split increases to 60:40 for Cases 2 and 4 at jet heights of
27 mm and 47 mm respectively, the flame is once again shorter at approximately
65 mm (43%). The most visible change is the change in color of the lower half of
the flame from the luminescent yellow/orange associated with soot, to the blue,
indicative of a cleaner less sooting flame, while the flame maintains a yellow color
farther downstream from the burner inlet. While in Case 6, at a jet height of 67
mm, the flame is once again longer at 80 mm (54%), and the color remains yellow.
These photographs are a first indication that the location of the dilution jets and
the amount of air radially injected through them, affect drastically the length and
color of the flame.
Fig. 3 Left two images: Flame photographs of the Base Case. These images were taken with
a short exposure time of 1/2000 s (left of the two photographs), and long exposure time 1/10
s (right of the two photographs) to represent instantaneous and average images respectively.
Right two images: Averaged OH* chemiluminescence image normalized by its maximum signal
(left of the two images), and its Abel transform (right of the two images) of the Base Case.
Axis of burner is at x = 0
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Fig. 4 Flame photographs of Cases 1-6 taken with a short exposure time of 1/2000 s (first
and third column), and long exposure time 1/10 s (second and fourth column) to represent
instantaneous and average images respectively. Axis of burner is at x = 0
Average OH* chemiluminescence images, and their equivalent inverse Abel
transforms for the Base Case and Cases 1-6 are in Fig. 3 and Fig. 5 respectively.
For the Base Case, the average length of the reaction zone is 75 mm. The signal
peaks along the ISL and is stabilized on the edge of the bluff body. This is in
agreement with other non-premixed, swirling flames [57]. There is no signal in the
ORZ, and the signal decreases in the CRZ. In Cases 1, 3, and 5 where the air split
is 80:20 the length of the reaction zone is shortened to 45 mm, 50 mm, and 70
mm respectively. These Cases maintain similar trends to the Base Case in certain
aspects. There is no signal in the ORZ nor along the base of the burner. There is
also a hollowing out of the signal at the lower end of the CRZ. However, the peak
OH* signal is no longer along the ISL but has shifted to the centre of the reaction
zone along the top of the CRZ in all three cases. The maximum heat release is now
axially between 25 – 35 mm, 35 – 45 mm, and 55 – 65 mm for Cases 1, 3 and 5
respectively. This maximum heat release location coincides with the location of the
dilution jets. In Cases 2 and 4 where the air split is now 60:40 with the dilution air
injected at heights of 27 mm and 47 mm respectively there are significant changes
to the heat release compared to the Base Case. There is no signal in the ORZ,
additionally there is no signal downstream of the dilution air injection point. The
region of heat release is confined between the burner inlet and the radial dilution
jets. The heat release has a homogeneous spread within the CRZ and the reaction




































Fig. 5 Averaged OH* chemiluminescence images (first and third columns), and their Abel
transforms (second and fourth columns) of Cases 1-6. The OH* chemiluminescence images are
normalized by the maximum signal in each case. Axis of burner is at x = 0
zone is stabilized on the bluff body. In Case 6, similar attributes are shared with
Cases 2 and 4; however, the spread of heat release extends to 65 mm downstream
of the burner inlet, with the signal spreading throughout the CRZ without the
hollowing out evident in Case 5. Additionally, the signal is at its maximum between
y = 35 – 55 mm. The signal is not as homogeneous as Cases 2 and 4 because of the
larger distance between the burner inlet and the location of the dilution jets. These
results reveal a fundamental change in the flame shape and location with dilution,
which implies a potentially large difference in the residence time and strain rate
of the soot-producing mixture fractions, and hence a fundamental change in the
soot produced.
3.3 High-speed OH-PLIF
The average and instantaneous OH-PLIF images of the Base Case can be found
in Fig. 6. The flame front is stabilized on the edge of the bluff body (at x = 12.5
mm), although occasional lift-off may occur. The OH distribution is narrow and
approximately aligned with the annular shear layer. The average OH peaks at
around x = 20 mm. On either side of the shear layer at locations corresponding
to the central and outer recirculation zones there is no OH signal present. These
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observations in the Base Case with an ethylene flame are consistent with the CH4
flame in the same burner (with no dilution) described in Ref. [57].
Base Case








Fig. 6 High speed averaged OH-PLIF images (left), and high speed instantaneous OH-PLIF
images (right) for the Base Case. The field of view is shifted for these measurements and shows
one half of the flame front. Axis of burner is at x = 0
Averaged and instantaneous OH-PLIF images of Cases 1-6 can be found in Fig.
7. Once 20% dilution air is introduced at a height of 27 mm (Case 1) the OH signal
remains concentrated in the shear layer similarly to the Base Case. However, the
OH distribution is wider than that of the Base Case, and is closer to the axis as a
result of dilution air injected radially at a location that is close to the burner inlet.
The high intensity OH signal is more uniformly distributed along the ISL rather
than concentrated farther downstream as in the Base Case. As the dilution jets
are moved to the second position at a height of 47 mm and 20% dilution in Case 3
a similar spread of OH is detected. As dilution air increases to 40% (Case 2 with
jets at 27 mm) the OH distribution no longer bears any resemblance to the Base
Case. The distribution is wider, spanning virtually the whole width of the CRZ,
with the dark region corresponding to the fuel jet severely reduced along the axis,
and the peak signal shifting to the root of the flame. As the momentum of the
dilution jets doubles from Case 1, the jets penetrate the CRZ, turbulent mixing
increases, and the flame shortens, as has also been seen in the flame photographs
and OH* chemiluminescence images of Fig. 4 and Fig. 5.
As the location of the dilution jets is moved farther downstream to 47 mm at
40% dilution (Case 4) the OH distribution is wider with the central dark region
reduced. Additionally, the signal spreads farther downstream compared to Case 2
due to the larger distance between the dilution jets and burner inlet (about two
bluff body diameters). Moving the dilution jets to the final location of 67 mm,
at 20% dilution (case 5) the OH distribution narrows and is the most similar in
shape to the Base Case; in this downstream location the jets seem to have little
influence on the CRZ and the fuel distribution. As for 40% dilution (case 6) the
OH distribution is more widespread, somewhere in between the shapes seen in
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Cases 1, 3 and 5 and Cases 2 and 4. As with the Base Case, the small field of view
does not fully capture the OH distribution in Cases 5 and 6.
Case  5


























Fig. 7 High-speed averaged OH-PLIF images (first and third column), and high-speed instan-
taneous OH-PLIF images (second and fourth column) for Cases 1-6. The field of view is shifted
for these measurements and shows one half of the flame front. Axis of burner is at x = 0
Looking at Cases 1, 3 and 5 together, the flame seems stabilised on the edge of
the bluff body, while looking at Cases 2, 4 and 6 the flame is stabilised very close to
the bluff body rather than on its edge. This is due to the higher momentum dilution
air that reduces the fuel jet penetration length, and increases turbulent mixing
between the fuel and the air, while radially constricting the recirculation zone so as
to cause this shift towards the CRZ. As the dilution air is introduced and increased
the spread of OH changes from what is expected in turbulent non-premixed flames
to a distribution similar to those seen in turbulent premixed flames [57]. This
reveals that the dilution air alters dramatically the mixture fraction distribution,
especially when injected close to the bluff body and at high speeds (Cases 2 and
4 with dilution velocities ten times that of the primary air).
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3.4 PAH-PLIF and LII of Soot
The OH* chemiluminescence images revealed that the flames formed in the RQL
burner are axisymmetric; therefore, all PLIF and LII experiments were performed
on one half of the burner. Figure 8 displays the average and instantaneous soot-LII
and PAH-PLIF results for the Base Case. For the Base Case, both the LII and
LIF signals are present throughout the field of view. The LII signal is concentrated
within the CRZ while the LIF signal is concentrated along the axis of the burner
(i.e. along the fuel jet), with the signal weakening farther away from the axis. The
PAH is not evident at the early parts of the fuel jet (up to about x = 10 mm)
along the axis, presumably because the mixture fraction is too rich there for PAHs
to form. From the instantaneous images it is clear that soot forms in filaments,
while PAHs are more continuously distributed. The presence of soot within the
CRZ is in agreement with previous works that have shown soot formation favours
regions of low velocity and long residence times compatible with the slow chemistry
associated with soot formation [22,32].
Fig. 8 Average (left) and instantaneous (middle) LII and PAH-PLIF image pairs of
the Base Case. Within each image: averaged/instantaneous LII image (left half), aver-
aged/instantaneous PLIF image (right half). Average images normalized by the maximum
PLIF/LII signal of the Base Case plotted on a logarithmic scale. Axis of burner is at x = 0.
(Right) the probability of soot presence as a function of radial distance at three axial locations
for the Base Case
Average and instantaneous LII and PLIF images of Cases 1-6 are shown in Fig.
9. In the Base Case, the majority of the PAH-PLIF and LII detected signal is 50%
or greater than the maximum signal in this Case (IBC,max). Once dilution air is
introduced at 20% the LII signal drops to 35% or lower than that of IBC,max for
Case 1 at a jet height of 27 mm. The signal rises once again as the dilution jets
are moved farther from the burner inlet, and is 65% or lower than IBC,max for
Case 3 at a jet height of 47 mm. At a jet height of 67 mm in Case 5 the LII signal
is 150% that of the Base Case in some locations close to the burner inlet. The
PAH-PLIF signal behaves in an inverse way and drops in intensity as the dilution
jets are placed farther downstream. The signal drops to 65%, 40% and 20% or
lower than that of the Base Case for Cases 1, 3 and 5, respectively. It is evident
from all three Cases that the PAHs and soot were prevented from propagating
beyond 35 mm, 40 mm, and 50 mm for Cases 1, 3 and 5, respectively, terminating
at the dilution injection point. Additionally, as the dilution jets’ location is moved
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farther downstream the spread of LII and LIF signal narrows and elongates as the
distance between the primary air and fuel, and the dilution air increases.
Case 1
PLIFLII





















































Fig. 9 Average (first and third column) and instantaneous (second and fourth) LII and PLIF
image pairs of Cases 1-6. Within each image: averaged/instantaneous LII image (left half),
averaged/instantaneous PLIF image (right half). Average images normalized by the maximum
PLIF/LII signal of the Base Case plotted on a logarithmic scale in order to clearly display the
influence of dilution level and location. Axis of burner is at x = 0
In Cases 1, 3 and 5 the LII signal is strongest closer to the bluff body and
diminishes as the dilution jets are approached. This is evident in the instantaneous
images where the majority of the LII filaments form close to the bluff body. The
LIF signal in Cases 1, 3 and 5 is concentrated along the burner axis and diminishes
radially outward compared to the LIF signal in the Base Case. In all three Cases
the LIF signal is lower than the Base Case. In Cases 3 and 5 the LIF signals reduce
as less PAHs are formed compared to Case 1. PAH detection is highly dependent on
the filter used; in these experiments the detection wavelength was approximately
430 nm which is optimal for 4 ring PAHs such as pyrene [58]. What these results
reveal is that as dilution air is moved farther away from the primary combustion
zone less pyrenes are formed. However, there is no further information on the
amount of smaller or larger ringed PAHs present. The formation of PAHs is highly
dependent on many parameters such as local flame conditions, and temperature
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[58]. As the location of dilution air and the amount injected is varied, the mixture
fraction distribution changes, the velocity field (mean, turbulence, strain rates)
also changes, which is likely to have an effect on local flame temperatures, and
thus affects the PAHs formed [58].
Once dilution air is increased to 40%, LII signal is no longer evident in Cases
2 and 4 at less than 2% of IBC,max at a jet height of 27 mm and less than
1% of IBC,max at a jet height of 47 mm. The injection of dilution air leads to
increased turbulent mixing as the jets meet at the axis of the burner and circulate
upstream: opposing the fuel jet and reducing its penetration length, increasing
the recirculation of hot combustion products, widening the spread of OH and
increasing velocities in the CRZ. The injected dilution air splits and either flows
to the exhaust or to the root of the flame as was seen in Fig. 2 which leads to
a further oxidation of larger soot particles already formed. At a jet height of 67
mm in Case 6 the LII signal is still greater than that of the Base Case at 123% in
some locations close to the burner inlet, but less than the signal in Case 5. The LIF
signal is not distinguishable for Case 2; however, the signal remains at less than 2%
of IBC,max as the dilution jets are moved farther downstream in Cases 4 and 6. It
is evident from Cases 2 and 4 that lower concentrations of PAHs and soot formed
compared to both the lower dilution cases (Cases 1 and 3) and the Base Case.
For Case 6, lower concentrations of PAHs formed as the dilution air was increased
similarly to Cases 2 and 4. However, larger soot particles still formed unlike the
other high dilution Cases, similarly to Case 5 but at lower concentrations. In Case
6, the increased dilution air is counteracted by the larger distance between the
burner inlet and the dilution jets reducing their influence in the primary reaction
zone. The reduced primary air and reduced effectiveness of the dilution air in Cases
5 and 6 leads to a richer primary combustion zone and thus a higher concentration
of large soot particles formed at the root of the flame up until y = 10 mm within
the burner compared to the Base Case. Soot concentrations drop steadily past 10
mm as the dilution jets are approached. The concentration of soot particles formed
in Case 6 is lower than that of Case 5 due to the higher momentum dilution air
that increases the oxidation of the formed soot particles. These six Cases highlight
the importance of both the dilution jet location, and the amount of dilution air
injected at reducing soot formation and increasing soot oxidation.
To understand further the effectiveness of the different air dilution strategies
at reducing soot production, the probability of soot presence, i.e. the probability
of LII signal being greater than 0, was calculated and is plotted in Fig. 8 for the
Base Case, and in Fig. 10 for Cases 1-6. In the Base Case, all three axial profiles
reveal that soot detection rises steadily from the axis outwards and peaks past x
= 5 mm where it is detected more than 50% of the time. For all three profiles this
percentage drops to below 50% of the time past x = 20 mm from the centre of the
burner, and at a y = 15 mm in particular no soot forms in the ORZ. In Cases 1, 3
and 5, for the y = 15 mm profile, soot presence rises steadily away from the axis
before peaking at x = 5 mm. In the range 5 < x < 20 mm, soot forms 25% of the
time, less than 50% and around 75% of the time for Cases 1, 3, and 5 respectively.
Past x = 20 mm soot particles no longer form as the ORZ is approached. At a y
= 30 mm, the probability of soot presence is homogeneously low and drops below
5% and 10% for Cases 1 and 3, respectively, as soot intermittency increases. At
y = 45 mm virtually no soot is distinguishable for both Cases. Soot probability
is still higher for Case 3 over Case 1 up until the y = 30 mm profile due to the
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farther placed dilution jets. However, in Case 5 the dilution jets are placed farther
downstream, and thus are no longer as effective at mitigating soot formation. Past
y = 15 mm, soot forms 50% of the time at the y = 30 mm profile, and then drops to
25% as the jets are approached at y = 45 mm. Once dilution air is increased to 40%,
soot intermittency increases as soot is detected 10% and 5% of the time in Cases
2 and 4 respectively for all three profiles. In Case 6 the added effect of higher air
dilution momentum is counteracted by the increased distance between the burner
inlet and the dilution jets. Soot forms more consistently along the three profiles
compared to Cases 2 and 4, with a distribution similar to Case 5 with 20% dilution
air. These distributions for Cases 5 and 6 reiterate that while soot intermittency
is similar to the Base Case at the lower profile of y = 15 mm that is no longer the
case farther downstream at y = 30 mm and 45 mm as intermittency increases as
the dilution jets are approached.
Fig. 10 The probability of soot presence as a function of radial distance at three axial locations
for Cases 1-6
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Fig. 11 Radial distributions of the average OH-LIF, PAH-LIF and LII signals at two axial
locations for the Base Case, and Cases 1-6. All signals are normalized by the maximum intensity
in each respective Case. The locations of the CRZ, ORZ, and ISL are marked
Finally, in Fig. 11 the average distributions of the PAH-LIF, OH-LIF and soot-
LII signals are compared qualitatively for all flames. In the Base Case, all three
signals increase away from the burner inlet. The PAH signal peaks along the axis
of the burner, as it decreases the soot signal peaks within the CRZ and the soot
signal drops as the OH signal peaks along the ISL. In Cases 1 and 3 at 20% dilution
injected at heights of 27 mm, and 47 mm respectively, similar patterns are evident
with a lower and narrower spread of soot signal within the CRZ as the OH signal
rises and widens. In Case 5 at 20% dilution injected at a height of 67 mm the
signal distributions are the most similar to the Base Case, as the distance between
the burner inlet and the dilution jets increases which reduces their effectiveness.
Once the dilution air is increased to 40% at a height of 27 mm and 47 mm in Cases
2 and 4 the OH distribution widens breaching the CRZ with a higher signal in the
CRZ compared to the ISL. In Case 2 the OH signal is homogeneously distributed
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leading to no PAH signal being detected, while some soot is detected at low levels
narrowly distributed within the CRZ below the dilution air injection point. In
Case 4 the high intensity OH signal within the CRZ in the location where soot
peaks leads to negligible soot signals within the CRZ while PAH signals are still
detected along the axis where OH signals have not yet peaked. When the dilution
jets are positioned at a height of 67 mm and 40% air is injected through them
their effect is counteracted by the large distance between the jets and the burner
inlet. This leads to the presence of PAH signal along the axis where there is no
OH signal. However, the spread of OH changes compared to all other Cases and
has a wide spread within the CRZ between 5 < x < 20 mm from the centre of the
burner. The OH signal decreases away from the burner inlet as the dilution jets
are too far downstream in this Case. This leads to a richer primary combustion
zone and a larger detected LII signal within the CRZ at both axial locations.
4 Conclusions
A model RQL combustor was investigated with in situ laser diagnostics to un-
derstand the changes to the flame front and soot formation as a result of dilution
air. OH* chemiluminescence, high-speed OH-PLIF, and low speed LII of soot and
PAH-PLIF were performed as the location and amount of dilution air injected
were systematically varied. Results of the OH-PLIF revealed changes to the flame
front due to dilution air. The spread of OH widened but remained concentrated
along the shear layer when dilution air was introduced at 20% of the total air flow.
However, when dilution air was increased the OH regions occupied the whole CRZ
width and the peak heat release shifted towards the axis of the burner. PAH-PLIF
and LII experiments revealed the change in PAH and soot distributions as dilution
air was introduced and increased. The location of the dilution jets relative to the
CRZ, where soot is formed, is important for mitigating soot formation and increas-
ing soot oxidation. The dilution air at distances up to two bluff body diameters
increases the spread of OH within the CRZ, increases turbulent mixing, reduces
the fuel jet penetration length, and reduces residence times thus reducing soot for-
mation and oxidizing larger soot particles formed. Dilution jets at distances farther
downstream are less effective at mitigating soot formation and lead to higher soot
concentrations in the primary combustion zone compared to the Base Case.
Future work will focus on further optical diagnostics especially to investigate
the flow field. These results are necessary for the optimization of burner designs to
reduce soot formation, and the development and validation of numerical models
aiming to accurately simulate turbulent sooting flames.
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31. M. Köhler, K.P. Geigle, W. Meier, B.M. Crosland, K.A. Thomson, G.J. Smallwood, Ap-
plied Physics B: Lasers and OpticsPhysics 104, 409 (2011). DOI 10.1007/s00340-011-
4373-y
32. V. Narayanaswamy, N.T. Clemens, in Proceedings of the Combustion Institute, vol. 34 (The
Combustion Institute, 2013), vol. 34, pp. 1455–1463. DOI 10.1016/j.proci.2012.06.018
33. C.R. Shaddix, K.C. Smyth, Combustion and Flame 107(4), 418 (1996). DOI
10.1016/S0010-2180(96)00107-1
34. R.L. Vander Wal, K.A. Jensen, M.Y. Choi, Combustion and Flame 109(3), 399 (1997).
DOI 10.1016/S0010-2180(96)00189-7
35. A. D’Anna, A. Rolando, C. Allouis, P. Minutolo, A. D’Alessio, in Proceedings of the Com-
bustion Institute, vol. 30 (2005), vol. 30, pp. 1449–1455. DOI 10.1016/j.proci.2004.08.276
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